Biomaterial-associated-infections (BAI) are serious clinical complications that threaten the longevity of implanted devices and lead to high morbidity and mortality. Poly(ethylene)glycol (PEG) coatings have been studied as a strategy to reduce the incidence of BAI by reducing protein deposition that promotes pathogen adhesion and growth on device surfaces. Despite their effectiveness to reduce protein adsorption and a hundred-fold reduction in bacterial adhesion, PEG-based coatings still facilitate weak bacterial adhesion that can form an initial basis for biofilms. Here, we describe a methodology enabling direct, quantitative and detailed qualitative in situ observation of macrophage morphology, migration and phagocytosis of bacteria. In vitro interaction of macrophages with Staphylococcus epidermidis 3399 adhering to commercial, crosslinked PEG-based coatings (OptiChem®) was compared with fluorinated ethylene propylene, silicone rubber and glass. Adhesion, phagocytosis and migration were studied real-time in a parallel-plate-flow-chamber. Macrophages cultured on OptiChem® coatings showed enhanced migration and phagocytosis of bacteria compared to common biomaterials. Bacterial clearance per macrophage on both inert and reactive OptiChem® coatings were about three times higher than on the common biomaterials studied, corresponding with up to 70% reduction in bacterial numbers on OptiChem®, whereas on the biomaterials less than 40% bacterial reduction was obtained. These findings show that bacterial clearance from cross-linked PEG-based coatings by macrophages is more effective than from common biomaterials, possibly resulting from weak adhesion of bacteria on Optichem®. Moreover, macrophages exhibit higher mobility on Optichem® retaining an improved capability to clear bacteria from larger areas than from other common biomaterials, where they appear more immobilized.
Introduction
Placement of indwelling medical devices into the human body to support and restore function has become common practice in modern medicine with reasonable overall success rates. In 2006, for instance, nearly 800,000 primary total hip and knee arthroplasties were performed in the United States alone (Del Pozo and Patel, 2009 ). Biomaterial-associated infections (BAI) and adverse interactions between the indwelling device and the surrounding tissues and cells are, however, factors that threaten the device's functionality and longevity (Gristina, 1987) . BAI, although of relatively low incidence, represents a serious complication of extensive significance, with related high morbidity and mortality rates, as well as with high associated health care costs. Despite advances in surgical techniques, peri-operative contamination remains the most common route for the infection of biomaterial devices . Microorganisms, usually sourced from the patient's skin, adhere to the implant surface, colonize it and rapidly form biofilms (Knobben et al., 2006) . Generally, microorganisms embedded in biofilms are much less susceptible to antimicrobial treatments (Stewart and Costerton, 2001 ) and host immune mechanisms than planktonic organisms and hence, infection usually persists until the device is removed.
BAI pathogenesis depends on many factors, such as implant site, device type and the patient's general health status, but also on the interaction between the biomaterial surface, the host's immune system and the infecting pathogen (Del Pozo and Patel, 2009; Kwakman et al., 2006) . Following biomaterial implantation, tissue trauma and injury trigger a cascade of physiological events that activate the immune system (Xia and Triffitt, 2006) . Neutrophils and monocytes/macrophages are the major host inflammatory cell populations that arrive within minutes to hours at the implant site (Anderson, 2004; Xia and Triffitt, 2006) . In contrast to neutrophils that may disappear within hours, macrophages increase in numbers over time and remain at the implant surface for several weeks depending on the severity of the injury (Anderson, 2004) . Macrophages orchestrate the host inflammation process and eventual foreign body reactions, but are also (Berton and Lowell, 1999) . However, the presence of a biomaterial affects the immune system's response to bacterial infection, and the biomaterial surface chemistry can stimulate (Xia and Triffitt, 2006) or reduce macrophage adhesion, phagocytic activity and migration (Henke et al., 1997; Boelens et al., 2000) . Therefore, macrophage-biomaterial-bacteria interactions are crucial factors influencing pathogenesis of BAI (Boelens et al., 2000) . Poly(ethylene) glycol (PEG) has been promoted as an infection-resistant biomaterial coating due to low protein adsorption and hundred-fold reductions in adhering bacteria with respect to common biomaterials (Norde and Gage, 2004; Saldarriaga Fernandez et al., 2007; Nejadnik et al., 2008a,b) . Nonetheless, this performance does not prevent the formation of weakly adhering, more mature biofilms (Nejadnik et al., 2008a; Saldarriaga Fernandez et al., 2010) . Currently, it is unknown how macrophages deal with the few bacteria adhering to PEG-based coatings. Therefore, the aim of this study was to investigate the in vitro response of macrophages to Staphylococcus epidermidis adhering to a fully characterized commercial, multi-component crosslinked PEG-based polymer coating (OptiChem®, Accelr8 Technology Corp., Denver, CO, USA) and to compare this with the response of the macrophages on common biomaterials such as fluorinated ethylene propylene (FEP) and silicone rubber. Glass was included since it acted as the substratum for the polymer coating and is a hydrophilic material, unlike FEP and silicone rubber. For convenience however, glass will be mentioned in this manuscript under the denominator "common biomaterials", as opposed to PEG-based polymer coatings.
MACROPHAGE RESPONSE TO STAPHYLOCOCCAL BIOFILMS ON CROSSLINKED POLY(ETHYLENE) GLYCOL POLYMER COATINGS AND COMMON BIOMATERIALS IN VITRO

Materials and Methods
Substrata
OptiChem®-coated glass slides (Accelr8 Technology, now commercially available as Schott-Nexterion TM Slide H) were supplied by Accelr8 Technology Corporation. OptiChem® is a multi-component, cross-linked transparent and robust polymer coating, having PEG as its active component. The surface coating has an amine-reactive (i.e., an NHS active ester) terminal chemical functionality to allow specific immobilization of biomolecules. The NHS chemistry can also be deactivated to provide a surface with very low, nonspecific binding of biological molecules (Mao et al., 2005; Harbers et al., 2007; Takahashi et al., 2008) . Extensive surface chemistry and analytical details regarding the coating and its bio-immobilization properties have been published (Mao et al., 2005; Harbers et al., 2007; Takahashi et al., 2008) .
OptiChem® was applied on optical-grade glass slides by spin coating and curing. Slides were stored at -20ºC until use. Half of the coated slides were deactivated by quenching the NHS surface groups ("inert Optichem®") using hydroxyethylamine (Harbers et al., 2007) . The remaining slides were used in their NHS-reactive form, denoted here as "reactive OptiChem®". Macrophage activity was also evaluated on FEP, silicone rubber and glass. FEP, silicone rubber and glass slides were cleaned in 2% RBS 35 detergent solution (Omnilabo International, Breda, The Netherlands) under sonication and rinsed with demineralized water, submerged in methanol, washed with water again and finally with demineralized water. All samples were sterilized in 70% ethanol for 10 min and rinsed with sterile, demineralized water and finally with sterile phosphate buffered saline (PBS, 10 mM potassium phosphate, 150 mM NaCl, pH 6.8).
Bacterial strain and growth conditions S. epidermidis 3399 is a clinical isolate from the skin and was used because skin-derived organisms like S. epidermidis are often involved in peri-operative contamination of biomaterial implant surfaces. The staphylococcus was first grown aerobically overnight at 37°C on blood agar plates from a frozen stock. The plates were kept at 4°C, never longer than 2 weeks. One colony was used to inoculate 10 mL of tryptone soya broth (TSB, OXOID, Basingstoke, UK), which was incubated for 24 h at 37°C and used to inoculate a second culture in 200 mL TSB. Bacteria were harvested after overnight growth by centrifugation (5 min at 5000 g at 10°C) and washed twice with sterile PBS. Bacteria were resuspended in sterile PBS to a concentration of 3 x 10 8 bacteria/mL.
Cell culture conditions J774 mouse macrophages were grown in tissue culture polystyrene (TCPS) flasks (Greiner Bio-One, Frickenhausen, Germany), and maintained in Dulbecco's modified Eagle's medium (DMEM) supplemented with 4.5g/L D-glucose, pyruvate, and 10% fetal bovine serum (DMEM + 10% FBS) at 37°C in a humidified atmosphere of 5% CO 2 . Cells were passaged every four days at 70-80% confluency by scraping. The cells were passaged up to a maximum of seven times.
J774 morphology, migration and phagocytic activity
Macrophage morphology, migration and phagocytic activity on the crosslinked PEG-based coatings and the different common biomaterials were assessed using realtime in situ image analysis in a parallel plate flow chamber with a CCD camera (Basler, Ahrensburg, Germany) mounted on a phase-contrast microscope (Olympus BH-2; Olympus, Tokyo, Japan) (for a detailed description of the system, see . Assays were performed on the bottom plate of the flow chamber containing the substrata under study. The system was first filled with sterile PBS to remove air-bubbles from the tubing and chamber, and perfused for 30 min with a laminar
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flow of 1.5 mL/min, corresponding to a wall shear rate of 11 s -1 . Then, flow was switched to bacterial suspension in PBS that circulated at the same flow rate until the density of adhering bacteria had reached on average 4.2 x 10 5 bacteria/cm 2 on all substrata, as evaluated real-time with the image analysis system. Subsequently, the suspension was switched once more to sterile PBS to remove unbound bacteria from the system, which did not remove any adhering bacteria as could be experimentally established by virtue of the use of real-time imaging, since the flow rate stayed the same and no air-liquid interface was involved. The flow chamber was warmed up to 37°C. Then, a macrophage suspension consisting of 7.5 x 10 5 cells/mL in DMEM + 10% FBS was introduced into the system. Once the entire volume of buffer inside the chamber was replaced by the cell suspension, flow was stopped. Images were collected throughout the assay for 120 min at 1 min intervals. Phagocytic activity was determined by comparing the number of bacteria adhering per cm 2 on the substrata at different time intervals. In addition, the difference between the initial numbers of bacteria adhering to the substratum prior to exposure to macrophages and the final bacterial density after 120 min exposure to the macrophages was calculated to determine the number of bacteria ingested per adherent macrophage. Bacterial growth during 120 min phagocytic activity was minimal in DMEM + 10% FBS and therefore neglected in these calculations.
Results
Macrophage morphology
Phase contrast images of cultured J774 murine macrophages interacting with bacteria adhering to crosslinked PEG-based coatings and the different common biomaterials in DMEM + 10% FBS are shown in Fig. 1 . Macrophages adhering to common biomaterials maintain a more spherical shape throughout the experiment, while those interacting with inert and reactive OptiChem® acquire a more elongated form increasing the contact area with the surface.
Macrophage migration and phagocytic activity
Macrophage activity was assessed microscopically in realtime. The number of macrophages adhering per cm 2 on each substratum is presented in Table 1 . J774 cell migration and phagocytosis of bacteria on glass, inert and reactive OptiChem® in the presence of adhering staphylococci are shown in Fig. 2 . Macrophages adhering to common biomaterials are immobilized to the substratum and their migration is restricted to a few μms. Consequently, macrophages only phagocytose bacteria attached in their close surroundings via the projection of pseudopodia. In contrast, macrophages adhering on inert and reactive OptiChem® coatings are more mobile, migrating relatively freely over the substratum towards adherent staphylococci. Time-lapse videos of macrophage migration and phagocytosis of S. epidermidis on the different substrata are available in the supporting information.
Under sterile operating conditions, the number of bacteria-carrying particles that fall on an open wound varies between 10 2 and 10 5 per cm 2 (Fitzgerald, 1979; Oakes and Wood, 1986; Nelson, 1979) . In this study, the initial bacterial density on all substrata was 4.2 ± 0.9 x 10 5 per cm 2 before macrophages were added into the system. The number of bacteria on the surface can thus be considered reasonably close to a clinically relevant situation of peri-operative contamination. After exposure to macrophages, the numbers of adhering staphylococci decreased significantly. Fig. 3 shows the percentage of bacteria left adhering on the surface as a function of exposure time to macrophages. Bacterial clearance per macrophage on inert and reactive OptiChem® coatings was on average three times higher than on the common biomaterials (see Table 1 ). , as determined during an experiment using real-time in situ observation. SD over six images per substratum surface. 
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Discussion
Macrophages are primary infiltrating immune system cells responding rapidly to wounding and implanted biomaterials, and are directly involved in the host inflammatory and foreign body response as well as in the defense against infectious pathogens. Macrophages adhere to device surfaces and remain at the implant-tissue interface for several days to realize their functions. Hence, the interaction between macrophages and bacterially contaminated biomaterials is crucial in the development of BAI (Boelens et al., 2000; Anderson, 2004) . A mature biofilm is less likely to form if macrophages are able to remove and destroy microorganisms adhering on an implanted device. The response of macrophages to surfaces modified with PEG-based coatings has been assessed by others (Lynn et al., 2010; Schmidt and Kao, 2007; Jenney and Anderson, 1999) , but never on bacterially contaminated biomaterial surfaces as done here. Our study showed that macrophages phagocytosis of bacteria adhering on inert and reactive OptiChem® was similar for both coatings, but on average three times higher than on the common biomaterials included in this study. This difference and elevated phagocytic activity of macrophages to S. epidermidis adhering on cross-linked PEG-based coatings is attributed to an almost unlimited macrophage mobility on the PEG-based coating compared to common biomaterials. On Optichem®, macrophages reduced the numbers of adhering staphylococci by approximately 70% over a 2 h time period, as shown in Fig. 3 . There are no comparative data available in the literature to determine whether this is a high or low phagocytosis efficiency. In a recent study (Wagner and Bryers, 2004 ) phagocytosis of S. epidermidis and Pseudomonas aeruginosa on PEGgraft-polyacrylate (PEG-g-PA) co-polymers has been studied. However, macrophages were allowed to adhere to the surface before bacteria were incorporated into the system, which is an entirely different model situation than our peri-operative model. The enhanced macrophage mobility and phagocytic activity on Optichem® coatings could result from weak cell-surface interactions between these cells and the PEGbased coatings, but also bacteria-surface interaction forces are important for effective phagocytosis. Adhesion forces between microorganisms and poly(ethylene) oxide (PEO) brush coatings have been assessed using atomic force microscopy (Roosjen et al., 2006) and found to be up to 10 times smaller for various P. aeruginosa strains on a PEO brush than on bare glass. Incremental increases in shear rate in a parallel plate flow chamber also indicated that the adhesion strength of S. epidermidis and Staphylococcus aureus is decreased on PEO-coated silicone rubber. More than 85% of these bacteria could be sheared off from the PEO brush coating whereas up to 10% of adherent bacteria could be stimulated to detach from hydrophobic silicone rubber (Nejadnik et al., 2008b) . Analogous to bacterial interactions with polymer brush coatings, macrophages adhering to OptiChem® coatings Macrophage-bacterial interactions on PEG-based coatings may be expected to experience weak adhesion forces as well, allowing them to move freely over the substratum towards adhering bacteria. Low adsorption of serum proteins on PEG-based surfaces, and specifically for OptiChem® coatings (Harbers et al., 2007) produces poor cell adhesion (Harbers et al., 2007; Takahashi et al., 2008) . Macrophage-surface interactions depend less on cell matrix-type adhesive proteins in contrast to other cell types (Godek et al., 2009) , and macrophage surface mobility is increased without a substantial surface-adsorbed protein layer. This occurs on both the inactivated (inert) PEG surface as well as that retaining the NHS-reactive immobilizing chemistry. Weak interactions between adhering bacteria and OptiChem® coatings, as described above, may also help facilitate more efficient macrophage phagocytosis from these surfaces. This is an advantage, as phagocyte-mediated clearance of surface-adhered bacteria is more difficult for macrophages than their clearance of planktonic bacteria (Leid, 2009) .
In vivo, the interaction between proteins, pathogens and the host defense cells at the biomaterial-tissue interface is a complex process where each may contribute to bacterial survival and persistence on biomaterials and in adjacent tissues (Gristina, 1987; Boelens et al., 2000) . Host defense functions are suggested to be affected in the presence of an infected biomaterial, for example, by diminishing host phagocytic activities (Henke et al., 1997; Kaplan et al., 1992; Boelens et al., 2000) . We demonstrate that macrophages can phagocytose adhering bacteria more effectively on PEG-based coatings. Although macrophages are not the only cell type present at the interface in vivo, these results for macrophages are relevant, in that macrophages remain at the implanted biomaterial surface for longer periods of time than other cells (Anderson, 2004) . Also an important factor in the persistence of BAI is bacterial survival within macrophages once ingested. This intra-phagocyte survival mechanism is both pathogen and substratum-dependent (Boelens et al., 2000) . That such bacterial survival within macrophages is favored on OptiChem® coatings was not the focus of this study and should be elucidated.
Conclusions
We introduced a novel in vitro methodology to enable direct, quantitative and detailed qualitative in situ observations of macrophage adherent morphology, migration and engulfment of surface-resident bacteria. In the current study, we employed this methodology to compare macrophage clearance of adhering staphylococci from cross-linked PEG-based coatings and different common biomaterials, including glass. Substratum surfaces were first contaminated with bacteria prior to exposure to cultured macrophages in serum-based media to mimic perioperative bacterial contamination conditions. Macrophages on cross-linked PEG-based coatings exhibited enhanced cell mobility compared to the mobility on FEP, silicone rubber and glass, likely due to weak macrophage-surface interaction forces arising from strongly hydrated, low protein-adsorbing cross-linked PEG-based coatings. This greater intrinsic cell mobility and associated weak bacterial-surface adhesion forces facilitated higher phagocytosis on the PEG surfaces. Macrophage-mediated bacterial clearance was about three times more effective on the multi-component cross-linked PEG-based coatings (OptiChem®) than on the common biomaterials included in this study, irrespective whether the surface was the inactivated or reactive NHS-derivatized PEG-based coating.
